Molecular tools have revolutionized the exploration of biodiversity, especially in organisms for which traditional taxonomy is difficult, such as for microscopic animals (meiofauna). Environmental (eDNA) metabarcode surveys of DNA extracted from sediment samples are increasingly popular for surveying biodiversity. Most eDNA surveys use the nuclear gene-encoding smallsubunit rDNA gene (18S) as a marker; however, different markers and metrics used for delimiting species have not yet been evaluated against each other or against morphologically defined species (morphospecies). We assessed more than 12,000 meiofaunal sequences of 18S and of the main alternatively used marker [Cytochrome c oxidase subunit I (COI) mtDNA] belonging to 55 datasets covering three taxonomic ranks. Our results show that 18S reduced diversity estimates by a factor of 0.4 relative to morphospecies, whereas COI increased diversity estimates by a factor of 7.6. Moreover, estimates of species richness using COI were robust among three of four commonly used delimitation metrics, whereas estimates using 18S varied widely with the different metrics. We show that meiofaunal diversity has been greatly underestimated by 18S eDNA surveys and that the use of COI provides a better estimate of diversity. The suitability of COI is supported by cross-mating experiments in the literature and evolutionary analyses of discreteness in patterns of genetic variation. Furthermore its splitting of morphospecies is expected from documented levels of cryptic taxa in exemplar meiofauna. We recommend against using 18S as a marker for biodiversity surveys and suggest that use of COI for eDNA surveys could provide more accurate estimates of species richness in the future.
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DNA barcodes | species delimitation | microinvertebrates | environmental DNA S pecies are a fundamental unit of biological diversity and their delimitation is central in ecology and evolution. Species delimitation using DNA (DNA taxonomy) has the potential to bypass many of the difficulties associated with traditional morphological taxonomy (1) . With developments in high-throughput sequencing technologies and bioinformatics pipelines, it is now possible to sequence a single genetic locus en masse from the environment and delimit species in large scale environmental (eDNA) metabarcoding surveys (2, 3) . Such eDNA surveys have been used to describe the diversity of microorganisms (4), macrofauna (5), fungi (6) , and plants (7) in previously understudied habitats, such as the soil biota (8) , sediments (9) , and water (5, 10) . Faced with these technological advances, it is now more important than ever to evaluate the reliability of the genetic loci used for DNA taxonomy, and to assess the congruence of their results with morphological taxonomy. Without such an assessment, biodiversity analyses may be misleading.
Given this potential, there have been surprisingly few broadscale attempts to calibrate the use of different markers and metrics in eDNA surveys. Here, we use a clade-targeted sampling regime to test different loci and metrics used in eDNA surveys, relative to morphologically defined species (morphospecies). Our study is, taxonomically, one of the broadest surveys to date. By identifying diversity from systematic samples of clades, we provide guidelines that can be used with eDNA surveys to better understand the evolution and ecology of animal diversity, using the example of meiofauna, a major reservoir of biodiversity that contains most of the animal phyla (11) .
Meiofaunal organisms (defined as animals that can pass through a 500-μm mesh) cannot be reliably treated using traditional taxonomic methods because of their size (<2 mm), morphological homogeneity (12) , noninformative species descriptions (13) , and lack of expert taxonomists (14) . It is therefore expected that morphospecies will underestimate the true diversity of these organisms (12) . The use of eDNA surveys can potentially make species delimitation more efficient and cost-effective (3). Current meiofaunal eDNA surveys rely mainly on the nuclear small subunit 18S rDNA gene (10, 15, 16) . Cytochrome c oxidase subunit I (COI) mtDNA, although used for global barcoding initiatives (i.e., Consortium for the Barcode of Life, www.barcodeoflife.org, and the International Barcode of Life project, www.ibol.org), is less widely used for eDNA. One of the main reasons is that high variability of COI can necessitate the use of taxon-specific amplification and sequencing primers (e.g., refs. 4 and 17), although universal primer sets for next generation sequencing (NGS) have been designed and successfully implemented recently (18) .
Here, we compare putative species counts obtained using either COI or 18S across 55 meiofaunal datasets comprising three taxonomic ranks (15 species complexes, 26 genera, and 14 higher taxa above the genus level, including orders, classes, and phyla) and totaling more than 12,000 sequences. A number of analytical metrics exist for delimiting species (1, (19) (20) (21) (22) (23) , which focus on different biological properties, require different data types (DNA, morphology, and so forth), and have different minimal sampling requirements (1, (20) (21) (22) (23) . The relative performance of these different metrics has not yet been fully evaluated. Estimates are therefore compared between the two genes using four different delimitation metrics: the nucleotide divergence threshold (NDT) (1), the automatic barcode gap discovery (ABGD) (21) , the K/θ method (22) , and the generalized mixed Yule-coalescent model (GMYC) (23) . These metrics were chosen because they can be implemented when DNA sequence data are the sole information available, as is the case in eDNA surveys.
Results
Choice of Marker. Diversity estimates in meiofauna were significantly different between the two markers (COI and 18S) and between morphospecies and both genes in turn ( Fig. 1 and Table 1 ). COI yielded increased estimates of diversity relative to morphospecies, whereas 18S yielded decreased estimates of diversity ( Fig. 1) .
Sampling effort differed between the two genes, being greater for COI, but this did not account for the differences in the ratio of the species count based on DNA relative to the species count for morphology (referred to as the DNA/morph ratio) between the genes (Table 1) . Furthermore, the number of datasets was balanced between COI and 18S, with 31 and 24 datasets, respectively (Table S1) , and geographic coverage for each dataset did not differ significantly between the genes (Table S1 ).
The average number of taxa estimated for COI and 18S using the different metrics was 7.6-(± 2.1 SE) and 0.4-(± 0.1) times the morphological species estimate, respectively. Cryptic taxa were identified in all COI datasets ( Fig. 2 ) across all taxonomic ranks. A higher number of taxa was expected from the COI dataset than the 18S dataset, because most of the sequences come from investigations into cryptic species. Nevertheless, the estimated number of taxa using 18S was even lower than the number indicated by morphological taxonomy (Fig. 2) . Thus, 18S was not able to reach the level and detail of identification of diversity that taxonomists can reach with morphology alone.
Controlling for potential confounding effects of differing sampling, by using datasets with COI and 18S sequenced from the same organisms, confirmed the general trend, with an average of 3.2-(± 1.0) and 0.4-(± 0.1) times the morphological species estimate for COI and 18S, respectively (Fig. S1 ).
Taxonomic Rank. Taxonomic rank had a strong influence on the DNA/morph ratio for both COI and 18S (Table 2) , with larger ratios for species complexes (15.3 ± 2.7 and 1.0 ± 0.0 times more entities for COI and 18S, respectively) than for genera (4.4 ± 0.8 and 0.3 ± 0.1, respectively) and higher taxa (2.2 ± 0.3 and 0.2 ± 0.1, respectively) ( Fig. 1 ).
Delimitation Metrics. Congruence among the different delimitation metrics was greater using COI than 18S ( Fig. 2 and Table  S2 ). In COI, this pattern was not correlated to number of countries or taxonomic rank. Only species estimates from ABGD (4.4 ± 1.2-times the morphological estimate) were significantly different from the others (9.5 ± 1.5) (Fig. S2 and Table S3 ). The ABGD metric failed to delimit additional taxa in 26% of the datasets (Table S1 ). The DNA/morph ratio was influenced by the interaction between delimitation metric and degree of undersampling (i.e., the observed diversity compared with the expected diversity as determined using Chao estimators) ( Table 2) , and so the small differences in diversity estimates among the metrics may be a function of how they behave with undersampling.
For 18S, there was very little congruence among results using different delimitation metrics ( Fig. 2 and Table S2 ). The GMYC estimated significantly fewer taxa (0.2 ± 0.1-times the morphological estimate) than did both the nucleotide divergence 97% threshold (0.5 ± 0.1) and ABGD metrics (0.4 ± 0.1) (Fig. S2) . The estimates from the nucleotide divergence threshold became increasingly disparate from the other metrics with increasing threshold values. A 99% or a 99.5% threshold produced species estimates that were closer to the morphological estimate (average estimates were 0.8 ± 0.1-and 1.1 ± 0.2-times the morphological estimate, respectively).
Misidentification of Morphospecies.
To test whether misidentification of sequenced organisms (i.e., errors in morphospecies counts) could explain these patterns, we identified the subset of sequences generated by studies including a coauthor who has published a taxonomic paper describing a recently identified species (86.3% of COI and 55.1% of 18S sequences) (Table S1 ). Our reasoning is that morphological identifications in those studies should be correct. Reanalysis using only those data confirmed the same scenario that 18S yields lower diversity estimates and COI yields higher diversity estimates than morphospecies (Table S4) . Furthermore, choice of metric, taxonomic rank, and sampling effect still affect the magnitude of estimates as identified for the entire dataset (Table S5) . Fig. 1 . Ratio of species diversity estimated using DNA taxonomy compared with morphological taxonomy (dotted line) using either COI mtDNA (dark gray) or 18S rDNA (light gray) over three taxonomic ranks (species complex, genus, and higher taxon). DNA/morph ratios were averaged across both datasets and delimitation metric and log transformed. Open circles represent outlier values. The number of datasets (n) is shown under the boxes. 
Discussion
A key limitation inherent to most biodiversity studies is the arduous task of identifying organisms in the wild. Reliance upon good taxonomy and species identification goes beyond biodiversity surveys because it has wide implications for a number of ecological and evolutionary disciplines (for a perspective, see ref. 24 ). Here we demonstrate that biodiversity surveys of meiofaunal taxa will be greatly impacted by the choice of molecular marker. Using data covering a broad diversity of meiofaunal taxa, sampled across multiple taxonomic ranks, and applying four widely used delimitation metrics, we have shown that both 18S and morphology underestimate species diversity relative to COI (Fig.  1) , independently of degree of undersampling. Furthermore, the disparity in congruence among metrics for both genes was not driven by differences in the discreteness of geographical sampling (Table 2) or by errors in morphospecies identification.
Although COI leads to higher species counts than morphology, COI provides a better indicator of the true diversity than morphology for several reasons. First, cryptic taxa have previously been documented in many of the morphospecies assessed here (e.g., refs. 12 and 25), and species boundaries have been confirmed within an integrative taxonomic framework (i.e., DNA taxonomy with cross-mating or additional morphological assessment) (e.g., refs. 26 and 27). Second, increased diversity based on COI is not simply because of higher variability, but associated with a sharp distinction in genetic distance within versus between evolutionary species (Table S1) , which is indeed the signature that the evolutionary methods of K/θ and GMYC use to delimit species entities. There exist genetic clusters separated Fig. 2 . The ratio numbers of entities estimated using DNA taxonomy compared with morphological taxonomy (the y axis intersecting the x axis at 1) using different delimitation metrics and taxonomic ranks. Four different delimitation metrics (ABGD, black; K/θ method, gray; GMYC, white; 97% NDT, hatched) were used to compare DNA estimates to morphospecies, inferred from two different genes: COI (A-C) and 18S (D-F) and across three taxonomic ranks: species complexes (A and D), genera (B and E), and higher taxa (C and F). The x axis is log-transformed for ease of comparison. The K/θ method can be used in conjunction with mtDNA only, and is absent from the plots using 18S. Species estimates and full names are shown in Table S1 . Acronyms have two letters for species complexes, three for genera, and four for higher taxa. Asterisks (*) specify instances where no additional species are estimated by DNA taxonomy compared with morphological taxonomy.
by larger "gaps" in genetic variation than expected if all individuals belonged to a single interacting population. In sexual lineages, these clusters reflect reproductively isolated species. In asexual lineages, they are caused by geographical isolation or specialization on distinct ecological niches (28), as demonstrated by studies of exemplar clades (e.g., refs. 12, 29, and 30). Patterns of genetic variation and differences between COI and 18S apply equally to asexual (i.e., bdelloid rotifers) and related sexual lineages (i.e., monogonont rotifers) in our sample (Tables  S6 and S7) .
We conclude that taxonomic entities estimated from analyses using 18S are not reliable proxies for diversity and very likely underestimate true species richness. Only a fixed threshold of 99.5% based on 18S (approaching the rate of potential PCR errors) can produce eDNA estimates comparable to morphological estimates, but these are known to be underestimates because of the prevalence of cryptic species. The use of 18S might be appropriate to compare levels of relative diversity at higher taxonomic scales, but species-level patterns, such as ecological distributions and geographical turnover, should not be inferred from these data. Furthermore, the degree of lumping per morphospecies estimated from 18S varies among different taxonomic groups (Fig. S1 ) and thus diversity might be very different depending on the composition of taxonomic groups present in an eDNA sample.
The four metrics used require a different minimum number of sequences per entity to detect putative species, and thus in principle intraspecific undersampling might affect the metrics in different ways (20) . Intraspecific undersampling did not affect our results; however, we observed a high degree of congruence for COI in terms of both species number and identity, particularly among the nucleotide divergence 97% threshold, K/θ, and GMYC methods (Fig. 2) . Interestingly, the simple rule of pairwise similarity (1) gave results congruent to those provided by the two methods detecting signatures of independent evolution predicted by population genetic theory (22, 23) . The consistency among different delimitation metrics was much lower for 18S than for COI (Fig. 2 and Table S3 ).
Although these results provide strong reasons against using 18S for species delimitation, there are also difficulties associated with COI, which include high substitution rates, excessive saturation, biased substitution patterns, high AT content, and poorly conserved priming sites (15, 17) . These issues are known to reduce the efficacy of COI in certain meiofauna [e.g., nematodes (31) and proseriates (17) ] and this may be one of the main reasons why COI has rarely been used for meiofaunal eDNA surveys (but see ref. 4) . Nonetheless, COI has been successfully used in an integrative taxonomic framework to delimit nematode cryptic species (e.g., refs. 26 and 32). Here we included 11 nematode datasets and in each case diversity was split using COI and lumped using 18S, relative to morphological species, indicating that COI can be used to survey nematode diversity more reliably than with 18S.
An increasing number of next-generation DNA metabarcoding surveys aim to quantify biodiversity (2), but this is a field in its infancy, which is expanding largely in tandem with evolving sequencing technologies and the wider integration into bioinformatic pipelines (3) . Use of COI with NGS is not yet popular. However, it has already been shown that a short minibarcode fragment of COI can be amplified en masse with 454 pyrosequencing (18) and used to identify individual species with high accuracy across many eukaryotic groups. Combining the variability of COI with NGS technologies and a reference database of genetic sequences identified to a species level could massively enhance the taxonomic resolution and rate of diversity exploration in our changing world.
Materials and Methods
Data Collection. We concentrated on meiofaunal species complexes, genera, and higher taxa for which a rich collection of sequences was available. Datasets were compiled if a minimum of 10 different sequences per taxon were available. In some cases (e.g., for some groups of nematodes, nemerteans, and flatworms), even organisms that are not strictly meiofauna have been included (e.g., larger or parasitic) if the majority of the taxa of the group belonged to meiofauna.
We obtained sequences of a fragment of COI (on average 623 bp) (Dataset S1) from 8,576 individuals (6,834 downloaded from GenBank; 1,742 generated for this study according to the protocol presented in SI Materials and Methods), and sequences of 18S rDNA (on average 1,647 bp) (Dataset S1) from 3,668 individuals (3,321 obtained from GenBank and 347 sequenced de novo). The 18S sequences were amplified and sequenced directly only for each unique COI haplotype, as it became apparent from initial data collection that individuals with the same COI haplotype invariably had identical 18S sequences. A list of unique type specimens used in the analyses can be found in Dataset S1.
Overall, 12,244 sequences (of which 4,877 were unique) forming 55 datasets were analyzed. In total, 1,484 morphospecies were included; these were identified before sequencing using the most recent morphological revisions for the groups (listed in ref. 14) , or by using their GenBank accession identifier. Ambiguous names were conservatively excluded from the morphospecies count. Phylogenetic analyses were obtained using standard procedures (SI Materials and Methods).
Nucleotide Divergence Threshold. We applied a nucleotide divergence threshold (1) with a "friends of friends" approach (i.e., if divergence between taxa A-B and B-C is more than 3%, but divergence between A-C is less than 3%, then we consider taxa A, B, and C to be a single cluster). The divergence threshold is based on empirically observed gaps and 97% is the most commonly used threshold for COI (e.g., ref. 33). We used a script written in R that clusters sequences from an alignment based on a user-defined divergence threshold, using an uncorrected distance matrix as input (available in SI Materials and Methods).
ABGD. ABGD uses a range of prior intraspecific divergences to infer from the data a model-based one-sided confidence limit for interspecific divergence (21) . The "barcode gap" is identified as the first significant gap beyond this limit. Genetic clusters were inferred using the ABGD online tool and the default settings (available at http://wwwabi.snv.jussieu.fr/public/abgd/ abgdweb.html). The correct species estimate was selected, as suggested by ref. 21 , using gene specific priors for maximum divergence of intraspecific diversity (0.01 for COI and 0.001 for 18S). ECOLOGY K/θ Method. The K/θ method (formerly known as the 4X rule) uses population genetic theory to identify sister clades that are too divergent to arise solely by neutral genetic drift within a single population (22) . A neighbor-joining tree was constructed for each mtDNA dataset from uncorrected distance matrices using Geneious Pro-5.4.2. Starting from the tips of the tree, the maximum pair-wise distance was recorded for each clade (θ). For each pair of sister clades, the maximum value of θ was then compared with K (minimum pair-wise distance between clades). Clades that have a ratio of K/θ ≥ 4 are considered to be reciprocally monophyletic entities with ≥95% probability (22) .
GMYC Method. The GMYC method (23) tests for a significant shift in the branching rate in an ultrametric tree. Such a shift is indicative of the switch from between-species to within-species processes, expected if a sample comprises multiple individuals from a set of independently evolving species. The outgroups were removed from the ultrametric trees and the GMYC method was implemented using the splits package in R (available at http:// r-forge.r-project.org/projects/splits/). Species were identified by a single threshold defined by a significant shift in branching rate.
Assessment of Reliability. A linear model was used with a log-transformed DNA/morph ratio as the response variable and gene identity, species delimitation metric, and taxonomic rank as fixed effects. The initial linear models included all of the possible explanatory variables and their interactions. These models were subsequently simplified using the step function in R to obtain the minimum adequate model. Model outputs were given as ANOVA tables and post hoc Tukey honestly significant difference tests were performed to determine which different factors were significantly different from each other.
To quantify the effect of sampling effort (per taxon sampling) we used the number of sequences per dataset. As an index for degree of undersampling (unsampled diversity), we used the ratio of observed entities to expected number of entities [determined using a Chao estimator (34)]. Chao 1 estimator was used when both singlets and doublets were present in the dataset; Chao 2 estimator was used when either singlets or doublets were absent. These proxies for sampling effort and undersampling were included into a linear model as fixed effects along with gene, metric, and taxonomic rank.
Differing degrees of geographic coverage could inflate the congruency of delimitation metrics if genetic distance increases with geographical distance. We determined whether there was a significant difference in geographical coverage of each of the genes and used a linear model to test whether congruency of delimitation metric species estimates could be explained by geographical coverage, gene, and taxonomic rank. The coefficient of variation among species estimates of different metrics was used as a proxy for their congruence, and number of countries within each dataset as a proxy for geographical coverage.
Misidentification of organisms by the authors submitting sequences to GenBank could underestimate the biodiversity already present in the samples. To address this concern, we identified all authors involved in submitting the sequences and determined whether they were taxonomists based on whether they had published a species description. This method is a crude but true measure of taxonomist integrity, but is likely to underestimate the capabilities of many authors. This subset of data was reanalyzed as described above.
